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(571 ABSTRACT

A method for producing homogeneous, single-crystal
III-V ternary alloys of high crystal perfection using a
floating crucible system in which the outer crucible
holds a ternary alloy of the composition desired to be
produced in the crystal and an inner floating crucible
having a narrow, melt-passing channel in its bottom
wall holds a small quantity of melt of a pseudo-binary
liquidus composition that would freeze into the desired
crystal composition. The alloy of the floating crucilbe is
maintained at a predetermined lower temperature than
the alloy of the outer crucible, and a single crystal of the
desired homogeneous alloy is pulled out of the floating
crucible melt, as melt from the outer crucible flows into
a bottom channel of the floating crucible at a rate’that
corresponds to the rate of growth of the crystal.

16 Claims, 1 Drawing Sheet 4
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METHOD FOR PREPARING HOMOGENEOUS
SINGLE CRYSTAL TERNARY III-V ALLOYS

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this

invention pursuant to Contract No. DE-ACO02-
83CH10093 between the U.S. Department of Energy
and the Midwest Research Institute.

BACKGROUND OF THE INVENTION

1. Field of the Invention _

This invention relates generally to the preparation of
pseudo-binary alloys and relates more particularly to
the preparation of homogenous, low-defect, single-crys-
tal III-V alloys useful in high efficiency, multi junction
solar cells. .

2. Description of the Prior Art

The quality and efficiency of a solar cell in convert-
ing solar energy into electrical energy are largely deter-
mined by the cell materials and the cell configuration.
The theoretical efficiency of a single-junction-con-
figured cell, such as a single junction gallium arsenide
(GaAs) cell, is only about 27.5%. To overcome this
limitation the multi junction cascade or tandem solar
cell has been proposed to obtain higher efficiencies by
virtue of converting a greater portion of the solar spec-
trum than conventional cells. One approach which
seem to be optimal, comprises a tandem cell of Group
II1-V alloys, which is in effect two solar cells in one.
Each of the cells have having different band gaps ar-
ranged in such a way that one part of the solar spectrum
is absorbed in a wide-band-gap material while the re-
maining part is absorbed in a narrow-band-gap material.
The theoretical efficiency of such an arrangement is
36%. Discussion of such cells is included in a paper by
J. C. Fan, B. Y. Tsaur, and B. J. Paim, entitled, “Opti-
mal Design of High-Efficiency Tadem Cells,” pp. Sev-
enteenth IEEE Photovoltaic Specialists Conference,
692-701. .

Materials that may prove suitable for such high-effi-
ciency cells because from their outstanding properties,
include semiconducting alloys formed from the com-
pounds comprised of an element of Group III and an
element of Group V of the Periodic Table particular
interest are gallium aresenide phosphide “GaAs,P;_,"
and gallium indium arsenide “Gax/ni—xAs”. A great
hindrance to developing this promising concept is the.
unavailability of suitable substrates upon which these
materials can be grown. The principal requirement of
the desired substrate is that it be highly matched in

terms of lattice parameters with the cell layer. This is of -

great importance since mismatch is recognized as a
major factor in limiting efficiency in a multijunction
solar cell. Gtaded-layer epitaxy has been tried for grow-
ing the desired base cell on an available substrate, how-
ever this causes problems of interfacial dislocations. In
addition, superlattice transitions and other approaches
have been used, but mismatch problems persist.

In the III-V system, several ternary compositions
including the above-mentioned ones are of great interest
because they can give bottom cells with a 1.15 eV band
gap and lattice-matched top cells with a 1.75 eV band
gap. These gaps are near optimum for a two-cell PV
converter and can combine to use enough of the solar
spectrum to give a theoretical efficiency of about 36%.
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No general process has heretofore been devised for
satisfactorily producing bulk, single-crystal Group
I11-V pseudo-binary alloys of uniform composition.

A particular problem to be overcome.in preparing
single homogeneous crystals of pseudo-binary alloys
stems from the inherent tendency of such alloys to form
incongruently solidifying melts. For example, as a liquid
mixture of a pseudo-binary alloy cools there will be a
first-to-freeze part of the crystal that is substantially
higher in one binary component than the last-to-freeze
part of the crystal, giving a non-homogeneous crystal
varying in composition over a wide range. This prob-
lem is more highly pronounced in materials of ternary
ITI-V systems, which materials show solidus-liquidus
curves with relatively large gaps between solidus and
liquidus lines. Articles discussing such phenomena in-
clude J. W. Wagner 1970, “Preparation and Properties

- of Bulk Iny_,GayAs Alloys”, J. Electrochem. Soc. Vol.
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117, pp. 1193-1196; and F. Corrina, D. Margadonna,
and P. Perfetti, 1973 “Growth of GaAs; P, Crystals
by Pulling From Gallium-Rich Solutions”, J. Crys.
Growth 18, pp. 202-204. Such crystal alloys can be
made more homogeneous by very rapid quenching of
the melt, but this resuits in a highly polycrystalline
structure made up of very small crystals. Solid state
recrystallization processes have been proposed to con-
vert such homogeneous polycrystals into a single crys-
tal. One such process is described in U.S. Pat. No.
3,622,399 wherein a ternary alloy, in homogeneous
polycrystalline form is held under a thermal gradient in
order to recrystallize it into a single homogeneous crys-
tal. This is ordinarily followed by an annealing of the
bulk crystal. In practice, when such techniques are used
with the aforementioned candidate alloys of GalnAs
and GaAsP, they are more likely to produce not a
monocrystal, but rather at best a consolidation of the
polycrystals into a fewer number of larger homogene-
ous crystals. It is also noted that solid state recrystalliza-
tion processes do not appear to lend themselves to eco-
nomic production required in industry because of
lengthy time periods ordinarily required for annealing
and cooling.

One technique that has been used to produce homo-
geneous crystals is the so-called floating crucible sys--~
tem. The article by W. F. Leverton, 1958 “Floating
Crucible Technique for Growing Uniformly Doped
Crystals”, J. Appl. Phys. Vol. 29, pp. 1241-1244, de-
scribes producing uniformly dopes germanium crystals
by drawing them up from a germanium melt in a cruci-
ble that floats on a gérmanjum melt in an outer, larger
crucible. The first mentioned crucible has a narrow
duct in the bottom. During the drawing-up process melt

from the larger outer crucible can flow through the
"..narrow duct. into the inner crucible. Such floating cru-

cible systems have not been used to produce crystals of
ternary III-V alloys. :
There is another approach; shown in U.S. Pat. No.
3,305,485, that is specifically designed to produce single
crystals from incongruently solidifying melts. A large
supply crucible holds melt of the composition desired in
the crystal. Spaced separately from the supply crucible
is a small draw crucible, and a narrow tube extends
from the supply vessel to the bottom of the draw cruci-
ble for conducting melt thereto. This approach is re-
lated to the floating crucible system to the extent that
dual communicating crucibles are used; however it -
represents a deliberate departure from that system be-
cause of the concern that is stated in that disclosure
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regarding the adequacy of the floating crucible system
in handling incongruently solidifying melts, particularly
compounds with significant gaps between their solidus
and liquidus lines.

In this regard it is noted that the floating crucible
technique has been used for uniform growth and doping
of (Bio.osSb1.5)Te and Bi;Tez.88Seq.12. It has yet to be
used with ternary III-V alloys such as those of the pseu-
do-binary systems GaPyAs;_, and GaxInj_xAs which
exhibit significantly larger gaps between their solidus
and liquidus lines.

SUMMARY OF THE INVENTION

In view of the foregoing, it is a general object of the
present invention to prepare substrate crystals of low-
defect ternary crystals for high efficiency, multi junc-
tion solar cells, which crystals are lattice-matched with
the cell material. .

Another object of the invention is to provide a rela-
tively quick method for producing bulk homogeneous
single-crystal ternary III-V alloys.

Still another object of the present invention is to
provide a method for producing substrate materials
having lattice parameters which match those of the
epitaxial cell to be grown on the substrate, and a band
gap that is appropriate for the base cell of a multijunc-
tion device.

Yet another object of the present invention is to pro-

duce homogeneous single crystals from ternary III-V.

alloys which exhibit a wide gap between their solidus
and liquidus lines.

A further object of the present invention is to provide
a method of producing bulk single-crystal substrates of
the pseudo-binary 1II-V systems GaxIn).-xAs and Ga-
PyASl..y.

The method of the present invention advances the
state of the art by producing ternary III-V alloys that
have the advantage of serving both as substrates and
bases for the active junctions of a high-efficiency, multi
junction solar cell and said ternary 11I-V alloy materials
are provided in the form of bulk, low-defect, single
crystals, having a uniform composition.

The present invention represents a modification to
the floating crucible method which unexpectedly is
capable of producing low-defect, bulk, single ternary
crystals despite the rather large solidus-liquidus gaps
presented by the candidate alloys.

Accordingly, the present invention provides a
method for preparing homogeneous, single-crystal ter-
nary III-V alloys to serve as well-matched substrates
for the substrate-side cell of a multi junction solar cell,
and includes providing a first, outer crucible for holding
a supply of molten mixture having the composition
desired in the crystal to be produced, and a second,
smaller crucible for holding a small quantity of molten
alloy and adapted for placement within the first crucible
so as to float on melt contained therein, and the bottom
of the second crucible having a narrow channel for
allowing the flow of miolten material therethrough. In
the outer crucible is provided a quantity of molten alloy
having a composition that matches that of the crystal to
be produced, and the inner crucible is provided with a
small quantity of draw melt having the pseudo-binary
liquidus composition which will freeze into the desired
solidus composition of the crystal to be produced, and
the invention most importantly includes maintaining the
temperature of that draw melt at a predetermined lower
temperature than the molten contents of the outer cruci-
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4

ble. At this lower temperature, a single crystal of the
desired composition is drawn out of the inner crucible
as molten material from the outer crucible flows into
the inner crucible by way of the channel at a rate that
corresponds to the rate of growth of the crystal.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings which are incorporated
in and form a part of the specification, illustrate pre-
ferred embodiments of the present invention and, to-
gether with the description, serve to explain the princi-
ples of the invention, wherein:

FIG. 1 is an elevational sectional view showing the
drawing of a homogeneous crystal from a floating cru-
cible arrangement according to the method of the pres-
ent invention;

FIG. 2 shows a solidus-liquidus phase diagram of the
GaPyAs)_y pseudo-binary alloy system; and

FIG. 3 is a solidus-liquidus phase diagram of the
GayIni—xAs pseudo-binary system.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to the drawings, the apparatus of FIG.
1 is a floating crucible assembly 11, which includes a
generally cylindrical outer crucible 13 with side wall 15
and bottom 17. An inner crucible 19, has side wall 21
and bottom 23 containing a narrow channel 25. Both
crucibles are constructed of quartz or pyrolytic boron
nitride, which material is preferable to available alterna-
tives because of its low contamination risk. Several
spacer arms 27 extend radially from the top of side wall
21 and terminate a short distance from the inside of wall
15 of the outer crucible, and it will be seen that these
spacers 27 will serve to maintain the inner crucible 19
centrally with respect to the outer crucible, with inner
crucible walls 21 held at a substantial, predetermined
spacing from walls 15 of the quter crucible. The design
of these spacer arms can be altered as needed to provide
the required amount of buoyancy for the inner crucible
19. It will be seen that it is this centrally maintained
spacing of the inner crucible which will keep it in a zone
of lower temperature when it is in a floating configura-
tion during crystal production, to be discussed hereinaf-
ter. A graphite sleeve or susceptor 29 snugly receives
the outer crucible, and an rf heat induction coil 31 in
turn surrounds the susceptor 29. The coil may be ener-
gized to induce a high temperature in the susceptor 29,
which radiates and conducts heat through the walls of
crucible 13 and towards its contents. A high-pressure
puller (partially shown) is used in conjunction with the
crucible assembly 11, and includes a vertically adjust-
able transport shaft 33 with a lower end equipped with
a holder 35 for a seed crystal. The high-pressure seed
puller includes walls defining a chamber (not shown)
for containing a high-pressure inert gas, such as argon,
for exerting a high pressure on the molten contents of
the crucibles during their use in a manner to be de-
scribed. A particularly preferred puller is the Model
MSR-6, marketed by the Metals Research Division of ~
Cambridge Instruments, Ltd. '

At the outset the outer crucible 13 is filled with an
alloy of the composition desired in the crystal to be
grown, and the inner crucible is filled with material that
will solidify into the desired composition. It will be seen
that during operation, a crystal will be drawn up and
out of if the inner crucible melt, and as this draw melt is

_depleted by solidification, new melt of composition
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equal to that removed by the crystal will enter through
passage 25. The dimensions of opening 25 are chosen to

avoid diffusion of the floating crucible contents into the -

outer crucible contents. These dimensions can be calcu-
lated based on the following equations: Dy <VL;
V=Fpnrr?; and fy>riDy/L; where Dy =diffusion co-
efficient of the draw melt; V=linear velocity of the
fluid entering the inner crucible; L =length of the open-
ing; r=radius of the opening; and fy=volume growth
rate of the crystal.

As pointed out herein previously, two ternary I1I-V
alloys for high-efficiency, multi junction cells are Ga-
P,As)_, for a wide-band-gap (1.75 eV) top cell and
Gayxln)_xAs for a narrow-band-gap (1.15 eV) bottom
cell, these band gaps being near optimum for a two-cell
PV converter. According to the invention these ternary
III-V materials can be produced in bulk single-crystal
form as lattice-matched substrates and bases for the
active junctions of a cell. Given the band gap energy of
1.75 eV for GaPyAs|—y, the molar fraction y has been
determined to be 0.275. Also, given the target band gap
value of 1.15 eV for Ga;In;_xAs, the molar fraction x
has been determined to be about 0.806. Such molar
fraction derivations can be made theoretically by refer-
ence to an article by J. A. Van Vechten, entitled “Elec-
tronic Structures of Semiconductor Alloys,” 1969 Phys.
Rev. Bl, 3351-3358 pp. :

The invention will now be described more fully with
respect to two embodiments of the method according to
the invention, in which the device of FIG. 1 is used.

In the first embodiment, a bulk crystal alloy of the
pseudo-binary system GaP,As;_) is produced. A soli-
dus-liquidus phase diagram is shown in FIG. 2, in which
temperature is plotted on the ordinate and molar fric-
tion on the abscissa. This phase diagram is derived from
an article by L. M. Foster, J. E. Scardefield, and J. F.
Woods entitled “The Solidus Boundary in the GaAs-
GaP Pseudobinary Phase Diagram,” published in 1972
in J. Electrochem. Soc. 119, pp. 1426-1427. The dia-
gram includes a liquidus line 37 and a solidus line 39. It
is noted that the point 41 on the solidus line corresponds
to the target solid-phase composition of y=0.275. The
liquid-phase composition, in equilibrium with this solid
composition, is y=0.090, corresponding to point 43 on
the liquidus line. According to the invention, this is the
composition of the relatively small quantity of molten
alloy that will comprise the draw melt 45, out of which
the desired crystal will be grown. The outer crucible 13
will hold a significantly larger quantity of molten mate-
rial comprising a supply melt 47, which has a composi-
tion that matches the target bulk crystal composition of
y=0.275.

EXAMPLE 1

- In carrying out the invention, raw materials are pro-
vided in the form of polycrystalline solid pieces of the
required composition and quantity. The outer crucible
13 is loaded with a polycrystalline charge having a
composition of GaAsg 725P027s. The inner crucible is
furnished with a small polycrystalline charge of the
composition of GaAsoosoPo.180, and placed in the outer
crucible 13. The aforementioned solid charges may be
derived from molten mixtures of these compositions
which are rapidly quenched according to conventional
techniques, to form homogenous polycrystalline ingots.

Next, a small quantity of boric oxide (B;03,) is added
to each crucible. With the high-pressure puller in place
and the high-pressure inert environment established, the

6

coil 31 is energized to heat the graphite susceptor 29.
Heating is continued to melt the contents of both cruci-
bles to form a draw melt 45 in the inner crucible 19,
with a layer 49 of less dense B;Oj3 floating thereupon. In
the outer crucible a supply melt 47 forms, with a top
layer 51 of B;0;. The volatile Group V elements will
normally be evaporated from a high-temperature melt,
however, the relatively high pressure of the inert atmo-
sphere over the crucibles in conjunction with the physi-
cal barrier provided by the boric oxide encapsulant will
prevent the escape of these elements.

The power to the rf coil 31 is adjusted to heat the
draw melt 45 to about 1280° C. the temperature T} on
the diagram. A seed crystal having a composition equal
to that of the crystal to be produced, and attached to the
holder 35 of the transport shaft 33 is dipped into the
draw melt 45 and then pulled upwardly to initiate crys-

- tal growth of the target composition, according to the
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well known Czochralski pulling method. During this
pulling up process, in order for the drawn crystal to
maintain a homogenous composition, the composition
of the draw melt 45 must remain fairly constant. This is
achieved as the supply melt 47 flows continuously into
the inner crucible 19 by way of passage 28, so as to
replenish the draw melt with melt of y=0.275 composi-
tion. As this process is carried out it is important to
maintain a temperature differential between the draw
melt and the supply melt. In the present example, with
reference to the diagram of FIG. 2, the temperature of
the supply melt 47 is maintained somewhat above the
temperature T, to avoid formation of solids therein.
This represents a temperature difference of about 50° C.
between crucible contents. This desired temperature
differential is primarily achievable by virtue of the inner
crucible 19 having a diameter which is significantly
smaller than the inner diameter of the outer crucible 13,
and being centrally remote from the heating source, in
concert with the insulative effect of the inner crucible
walls 23 and 21. In the present example, the ratio of 1:4
was established for diameter of inner crucible 19 to
diameter of outer crucible 13.

Additional steps for maintaining a desired tempera-
ture differential are mentioned below regarding an ex-
ample of the method of the invention applied to another
Group III-V ternary system, which will require an even
greater temperature differential.

Bulk single crystals of GalnAs may also be grown

"according to the method of the present invention, and a

single crystal having a length of about 50 mm and a
diameter that varied between 15 mm and 34 mm has
been produced.

EXAMPLE 2

The production process for GalnAs alloy crystals
is achieved in a procession of steps similar to
those required in the preceding example involving
GaAso.725P0.275; however, it is apparent from the soli-
dus-liquidus diagram of the pseudo-binary system of
Gaylnj_xAs as shown in FIG. 3 that a greater tempera-
ture difference between crucible contents must be main-
tained. This may be achieved by altering the geometry
of the crucibles depicted in FIG. 1 by increasing the
relative size difference of the crucibles to provide
greater spacing between the walls of the inner crucible
and the outer crucible, and by increasing the wall thick-
ness of the inner crucible. Alteration of the rf heating
coil to more preferentially heat the bottom of the outer
crucible, and thus preferentially heat the lower portion
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of its molten contents, is another way to help attain the
desired temperature differential. Further temperature
control is attainable by cooling the inner crucible and its
conteats with a stream of cool inert gas directed selec-
tively at the inner crucible and having a controlled,
variable flow rate.

The solidus-liquidus diagram for the Gaxln)_xAs
pseudo-binary system is shown in FIG. 3. This diagram
is derived from an article by T. Y. Wu and G. L.
Pearson, 1972 *“Phase Diagram, Crystal Growth, and
Bond Structure of Gaxlnj_As,” J. of Phys. and Chem.
of Solids Vol. 33, pp. 409-415. The diagram in FIG. 3
shows a solidus line §7 and a liquidus line 59. Note that
point 61 on the solidus line corresponds to the target
solid-phase composition of x=0.806. The liquid phase
composition in equilibrium with the target solid is
x=0.270, and corresponds to point 63 on the liquidus
line.

Accordingly, in preparation for production, a poly-
crystalline charge of composition x=0.806 is prepared
and placed in the outer crucible 13. The inner crucible

is supplied with a small quantity of polycrystals having .

the composition x=0.270, and then boric oxide is added

to both crucibles.

The contents of both crucibles are melted in a high-
pressure inert environment using heating equipment and
a high-pressure seed puller as used in the first example
above, and rf coil heating power is controlled to set the
temperature of the draw melt in the inner crucible at a
temperature corresponding to point 61 on the solidus-
liquidus diagram of FIG. 3. As the temperature of the
supply melt is maintained above that of the draw melt
by the required temperature differential, crystal growth
is carried out using the Czochralski pulling method.

The foregoing examples are for illustrative purposes
only, and the invention is not to be limited except as set
forth in the following claims.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. A method for producing homogeneous, smgle-
crystal ternary III-V alloys, comprising:

a) providing a first low-contamination risk crucible
for holding a first supply of ternary III-V molten
alloy, and a smaller low contamination risk second
crucible for holding a relatively smaller quantity of
ternary TII-V molten alloy; said smaller crucible
being adapted for floating placement within said
first crucible on said molten alloy and having a
bottom wall with a channel of predetermined size
to allow flow of molten alloy from said first cruci-
ble therethrough;

b) placing in said first crucible a homogeneous quan-
tity of ternary III-V molten alloy having a compo-
sition equal to a composition of the crystal 1o be
produced,;

" ¢) placing in said smaller crucible a quantity of mol-
ten ternary III-V alloy of a homogenous pseudo-
binary liquidus composition differing from the
composition of the crystal to be produced, and
which will solidify into the composition of the
crystal to be produced, and floating said smaller
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8
crucible on the molten contents of said first cruci-
ble;

d) maintaining the contents of said smaller crucible at

a predetermined temperature differential lower
than the temperature of the contents of said first
crucible; and

e) drawing out of said smaller crucible a single crystal

of a desired homogeneous composition, while melt
from said first crucible flows into said channel of
said smaller crucible at a rate that corresponds to a
rate of growth of said crystal.

2. The method of claim 1 further including encapsu-
lating upper surfaces of the molten alloy in said first
crucible and said smaller crucible with a floating layer
of B03, and maintaining the contents of said crucibles
under a high-pressure inert gas environment to prevent
vaporization of volatile Group V elements in said mol-
ten alloys.

3. The method of claim 2, wherein said smaller cruci-
ble and said first crucible are cylindrical, and said
smaller crucible placed centrally within said first cruci-
ble is so that walls of said smaller crucible are spaced a
predetermined distance from inner walls of said first
crucible.

4. The method of claim 3, wherein said alloys are of
a pseudo-binary system of GaPyAs;_;.

5. The method of claim 4, wherein the molten alloy in
said smaller crucible has a composition wherein
Y =0.090, and the molten alloy in said first crucible has
a composition wherein Y=0.275.

6. The method of claim 3, wherein said alloys are of
a pseudo-binary system of Ga,In;_As.

7. The method of claim 6, wherein the molten alloy in
said smaller crucible has a composition wherein
x=0.270, and the molten alloy in said first crucible has
a composition wherein x=0.806.

8. The method of claim 3, wherein maintaining said
temperature differential includes engaging said smaller
crucible and its molten alloy with a stream of cool inert
gas at a controlled and variable flow rate.

9. The method of claim 3, wherein maintaining said
temperature differential includes using rf energy to
preferentially heat a lower portlon of the molten alloy
of said first crucible.

10. The method of claim 8, wherein said alloys are of
the pseudo-binary system GaPyAs;_,.

11. The method of claim 8, wherein said alloys are of
the pseudo-binary system Ga,lInj_ xAs.

12. The method of claim 9, wherein said alloys are of
the pseudo-binary system GaPyAs;_.,.

13. The method of claim 9 wherein said alloys are of
the pseudo-binary system GayIn;_xAs.

14. The method of claim 1 wherein said first and said
second low-contamination risk crucibles are composed
of quartz.

15. The method of claim 1 wherein said first and said
second low contamination risk crucibles are composed
of pyrolytic boron nitride.

16. The method of claim 6, wherein said single crystal
has a diameter in the range of 13 10 30 mm and a length °

of about 50 mm.
* * * * *



